1. Saccharomyces cerevi8iae was grown anaerobically in media with different concentrations of K+ down to less than 1 mm. Below 3.2mM the K+ concentration limited the growth rate and yield. 2. Yeast extract was essential for maximum growth. The yield of cells when the medium contained 0.83rnm-K+ was only 30% of the yield with 90mM-K+. 3. At the end of anaerobic growth the cells grown in 0.83mM-K+ had a higher concentration of oxidative enzymes than cells grown in 90mm-K+. 4. The cells grown anaerobically in 0.83mm-K+ could adapt to aerobic conditions if K+ was present in the adaptation medium, but not otherwise. 5. The enzyme pattern ofthe yeast grown aerobically in 0.83min-K+ was very similar to the anaerobically grown cells and did not change markedly after the glucose was consumed.
In bacteria the availability of potassium has been shown to limit the rate of growth, and at very low concentrations of potassium protein synthesis is impaired (Tempest, 1969; Lubin & Ennis, 1964 ). There appears to be no report ofwork in which yeast has been grown anaerobically in media of low potassium, although the 'sodium yeast ' ofConway & Moore (1954) provided information about yeast grown aerobically in a low concentration of potassium. With the extensive documentation of the enzyme make-up of yeast grown anaerobically with excess of potassium (Polakis, Bartley & Meek, 1965; Jayaraman, Cotman, Mahler & Sharp, 1966) and of the ability of such yeast to synthesize new enzymes on exposure to air (Lindenmayer & Estabrook, 1958; Hebb & Slebodnik, 1958; Chaix & Heymann-Blanchet, 1957; Heymann-Blanchet & Chaix, 1959;  Chaix, 1961; Tustanoff & Bartley, 1962) it seemed worthwhile to explore the behaviour of yeast in similar circumstances where potassium lack might be expected to limit protein synthesis. The results show that yeast grown in limiting potassium has a higher concentration of aerobic enzymes than its counterpart grown in the presence of excess of potassium and, further, that the ability to adapt to aerobic conditions is controlled by the concentration of the potassium in the adaptation medium. Preparation of low-potassium yeast extract. Yeast was grown in air in the low-potassium medium described below but with the omission of yeast extract, sodium lactate, Tween 80, wheat-germ oil and ergosterol. After growth to the stationary phase the cells were harvested by centrifuging, washed twice in water by resuspension and centrifuging, suspended in water (1 g/ml) and allowed to autolyse for 40 h at 45BC. Bacterial growth was inhibited by the addition of a small amount of toluene. The autolysate was clarified by centrifuging and BOml of 20% (w/v) NaOH was added to each litre of supernatant. The mixture was boiled for a few minutes and then filtered. The pH was brought to 7.0 by the addition of conc. HC1 and the solution was autoclaved for 15min at 151b/in2. The yeast extract prepared in this way contained 97,umol of K+/g dry wt. whereas the commercial yeast extract contained about 700,umol/g dry wt.
MATERIALS AND METHODS
Growth of cells. The growth medium contained (per litre): 54g of glucose, 6g of Oxoid casein hydrolysate, 5.4ml (0.5g) of the low-potassium yeast extract, 9g of KH2PO4, 6g of (NH4)2504, 0.5g of MgSO4,7H20, 0.5g of CaCl2,6H20, 5ml of sodium lactate (70-72%, w/v), 5ml of Tween 80, 0.15ml of wheat-germ oil, 20mg of ergosterol dissolved in 5ml of ethanol, 0.108mg of biotin, 4mg of thiamin hydrochloride, 40mg of calcium pantothenate, 16mg of inositol and 4mg of pyridoxine hydrochloride. The potassium salts were replaced by appropriate amounts of sodium salts for the medium limiting in potassium. It is assumed that Na+ has no inhibitory effects on the process studied. Without added potassium the final concentration of potassium in the medium was about 0.8mM. The measured concentrations of sodium and potassium in the various growth media are given in the tables describing the experiments. Medium in Fernbach flasks (2.5-litre flasks containing 1 litre of medium) was inoculated with 52-55mg dry wt. of cells/l taken directly from the agar slopes. During incubation at 300C cultures were gassed with either sterile 02-free N2 or air. After growth to the stationary phase the cells were harvested by centrifuging at 1000g at 00C for 10min and washed twice by resuspending in ice-cold water. After the first washing no further cation was removed from the cells and the remainder was assumed to be 'internal'. The final pellet of yeast was suspended in cold water to give a concentration of 100 mg wet wt./ml when adaptation to aerobic conditions was being measured and 200mg/ml when the cells were to be disrupted for the assay of enzymes.
Cell disruption. A 20% (w/v) suspension of yeast in water or 50mM-potassium phosphate buffer, pH6.8, was broken in a chilled French pressure cell at 17 000-20000lb/in2. The unbroken cells and cell debris were removed by centrifuging through 45% sucrose (w/v) at 00C for 10min at 500g. The cloudy supernatant remaining above the dense sucrose layer was aspirated with a Pasteur pipette and used for the enzyme assays.
Analytical methods. Glucose was measured by the method of Huggett & Nixon (1957) and ethanol by the method of Bonnichsen (1963) with freshly freeze-dried semicarbazide hydrochloride. Protein was measured by the biuret method of Gornall, Bardawill & David (1949 NADH oxidase and NADH-cytochrome c oxidoreductase were measured by the method of Green & Ziegler (1963) . Cytochrome c oxidase (cytochrome c-oxygen oxidoreductase, EC 1.9.3.1) was assayed by the method of Polakis et al. (1964) . In measurement of cytochrome oxidase changes during adaptation to respiration the yeast was aerated in bulk (6g, 900ml) in a Fernbach flask in medium containing 66mM-KH2PO4 or -NaH2PO4, pH5.8, 10mM-glucose, 6g of casein hydrolysate and 1 mmMgCO2 (adaptation medium). Samples were removed periodically, washed twice and aqueous suspensions (100mg wet wt./ml) were broken as described above. Succinate-tetrazolium oxidoreductase was assayed by the method of Pennington (1961) .
Alcohol dehydrogenase (alcohol-NADW oxidoreductase, EC 1.1.1.1) was assayed by a modification of the method of Racker (1950), 1.67mM-NAD+ and 100mM-ethanol being used. Pyruvate decarboxylase (2-oxo acid carboxy-lyase, EC 4.1.1.1) was assayed by the method of Holzer & Goedde (1957) . Pyruvate kinase (ATP-pyruvate phosphotransferase, EC 2.7.1.40) was assayed by the method of Taylor & Bailey (1967) . Malate dehydrogenase (L-malate-NAD+ oxidoreductase, EC 1.1.1.37) was assayed by the method of Ochoa (1955) .
Measurement of development of respiration. This was done in Warburg vessels at 300C. The vessels contained 66mM-KH2PO4 or -NaH2PO4, pH5.8, 10mM-glucose, 20mg of casein hydrolysate and 1 mM-MgCl2. A sample (0.1 ml of a 100mg/ml aqueous suspension) of yeast was added to the side arm of the vessel. The final volume was 3.Oml. The centre well of the vessel contained 0.2ml of 2M-NaOH and filter paper. After 10min equilibration the yeast was tipped from the side arm and the subsequent gas changes were measured every 15min over several hours.
When C02 production was measured, NaOH was omitted from the centre well. Comparison of the anaerobic growth of yeast with excess of (90mM) and limiting (0.83mM) K+. The properties of the yeast were further studied at two concentrations of potassium in the medium. With the 90mM-K+ medium there was a lag period of 3-4h before growth started. The results presented in Table 2 are the mean values of four experiments. The yield of cells with minimal K+ (0.83mM) was somewhat less than that obtained in the experiment of Table 1 , but the batch of yeast extract was different in the two cases. Glucose was consumed and growth ceased after 12h with a mean yield of about 21 g/l of wet cells (Table 2) . With the 0.83 mM-K+ medium there was a long and variable lag (8-16h) before growth commenced and growth and glucose consumption were complete in 45-48h with a mean yield of 6.2g wet wt. of cells/l. Thus the efficiency of formation of cell carbon was only 30% of that in the high-K+ medium. Table 2 compares the cation contents of yeast grown anaerobically in 90mm-K+ and 0.83mM-K+ media. Since the 'low-potassium' yeast maintains a much larger K+ ratio, [internal cation]/[extemal cation], presumably extra work is required for cation pumping and this may account in part for the comparative lack of growth of the yeast under these conditions. This assumption is not altered if the contribution of Na+ to the total gradients is taken into account. It may be calculated from the measured K+ content of the inoculum that some 30 /tmol of K+ is added to the medium within the yeast inoculum. At the end of growth the low K+ yeast contains a total of about 72,umol of K+. Thus the K+ at the end of growth is not simply the residual amount left by dilution by cell division; an active uptake ofmore than half the K+ must have occurred during growth.
RESULTS

Necessity
Enzyme content of anaerobically grown high-and low-potassium yeast. Table 3 compares the activities of some enzymes in the anaerobically grown cells at the end of the growth period. The striking difference is the relatively high cytochrome oxidase activity found in the low K+ yeast compared with the yeast grown in excess of K+. There is a similar finding with succinate dehydrogenase activity in the yeast grown in minimal potassium.
Respiratory and glycolytic adaptation of anaerobically grown yeast. Table 4 shows a typical experiment in which the abilities of high-K+ and low-K+ yeasts to show respiratory and glycolytic adaptation were compared. The washed yeast was incubated in 10mM-glucose with casein hydrolysate and Mg2+ in either sodium or potassium phosphate buffer as described by Tustanoff & Bartley (1964) . The development of respiration was measured and the production of CO2. 464 1971 Vol . 121 465 is limited by the supply of potassium available to the cell. In a further experiment yeast was grown anaerobically or in air on 5.4% glucose (300mM) in the minimal-K+ medium for 56h, when the glucose content of the medium with cells grown anaerobically had fallen below 60mM. There was a little difference in the growth rate of the two sorts of cells, although the aerobic cells lagged somewhatbehind the anaerobic both in growth rate and consumption of glucose. Subsequently the anaerobic growth ceased but the aerobic growth continued at the same rate until 76h, when all the glucose was consumed; subsequently growth virtually ceased although some 100,mol of ethanol was consumed during this later period. Work by Tustanoff & Bartley (1964) , and . has shown that the enzyme make-up of yeast is dependent on the availability of glucose rather than the availability of oxygen. Therefore the difference in the enzymes in the anaerobically grown yeast and the aerobically grown yeast aerated for a further 70h in the presence of the products of glucose breakdown measures the aerobic adaptation of the yeast. This latter corresponds to the second stage of growth described by and their findings with cells grown in a high-K+ medium are compared in Table 6 with the enzyme activities found in these experiments. Apart from succinate dehydrogenase there was little difference in the oxidative enzymes between the anaerobic cells and the aerobic cells grown in minimal K+. This confirms the lack of aerobic adaptation found when anaerobically grown low-K+ cells were incubated in a low-K+ medium. The activity of pyruvate decarboxylase was much lower than that found by whereas the pyruvate kinase activity was much higher. However, as suggested by Chapman & Bartley (1968) the difference in pyruvate kinase may be due to the presence of fructose 1,6-diphosphate as allosteric activator in our measurements whereas it was absent from those of . Comparison of the values of pyruvate decarboxylase of the yeast grown in the minimal-K+ medium with aerobic yeast of Chapman & Bartley (1968) shows that the low-K+ yeast has only about one-fifteenth of the aerobic activity of the yeast grown with excess of K+ and one-fortieth of the anaerobic activity.
DISCUSSION
Previous papers in this series have been concerned with the adaptation of yeast to a new metabolic situation where the carbon source or the terminal electron acceptor has been changed (Tustanoff & Bartley, 1964; Chapman & Bartley, 1968) . In most of these situations there was no special limitation of protein synthesis. Where specific inhibitors of protein, RNA or DNA synthesis were used there was little or no influence on the ability of the anaerobically grown yeast to adapt to aerobic conditions (Bartley & Tustanoff, 1966) . In the present work the additional metabolic load has been imposed on the yeast of attempting to maintain an appropriate ionic environment and also protein synthesis may be limited by lack of K+ -since this ion is known to be involved in the process (Tempest, 1969) .
Potassium as a limiting growth factor. There appear to be no studies on the limitation ofanaerobic growth by K+ in yeasts. The experiments described show that for limitation of growth by K+ the concentration must fall below about 3mM in the medium or about 84mM in the cell. The concentration of Mg2+ was in all cases about 2.0mM and the The enzymes at the end of anaerobic growth should be compared with the early second stage described by and the enzymes of the yeast grown aerobically with the second stage described by Tempest & Dicks (1967) .
Efficiency of cell growth. The yield of cells was much lower for the consumption ofthe same amount of glucose in the case of the cells grown in minimal K+ than with the comparable cells grown in excess of K+. It is possible (1) that the yield of ATP per mol of glucose glycolysed is less in the minimal-K+ cells than with the excess-of-K+ cells; (2) that the same amount of ATP is produced per mol of glucose but in the minimal-K+ cells the processes other than growth consuming ATP are increased.
It would seem logical to assume that the second possibility is correct and that the processes connected with the pumping of ions is the major competitor for the use of the glycolytic ATP. As shown by the results in Table 6 ATP production is not limited by enzyme activity in the case of the minimal-K+ cells. If it is assumed that the efficiency of ATP production and ofthe utilization ofATP for the production of cell mass is the same in both yeasts and also that the requirement for ATP for ion pumping is low in the 'potassium' yeast then it follows that about 70 % of the ATP produced by the minimal-K+ yeast is required to maintain the cells' internal ionic environment.
Differences in enzyme capacity of yeast grown in minimal and excess of potassium. As shown by Tustanoff & Bartley (1964) and by Chapman & Bartley (1968) there is a rapid loss of oxidative enzymes when aerobically grown yeast is incubated anaerobically in glucose. With minimal-K+ yeast this does not occur. This could be explained if there were a necessity to synthesize specific hydrolytic enzymes to degrade the respiratory enzymes. The situation would then reflect the overall fall in the rate of protein synthesis due to the limitation of K+. The limitation ofprotein synthesis by K+ concentration is also shown by the inability of the anaerobically grown minimal-K+ cells to adapt unless K+ is present in the adaptation medium. If K+ is added, the cells adapt as well as those grown in excess of K+ showing that the protein-synthesizing mechanism of the minimal-K+ cells is not damaged but merely held in check by the lack of K+.
